Inverse metal-assisted chemical etching of indium phosphide with sub-20 nm scalability by Kim, Seung Hyun
 
 
 
  
INVERSE METAL-ASSISTED CHEMICAL ETCHING OF INDIUM 
PHOSPHIDE WITH SUB-20 NM SCALABILITY 
BY 
 
SEUNG HYUN KIM 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Electrical and Computer Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2014 
Urbana, Illinois 
Adviser: 
 
 Associate Professor Xiuling Li 
 
ii 
 
  
ABSTRACT 
Metal-assisted chemical etching (MacEtch), a wet etching method developed in 2000, has 
been the focus of extensive research in the area of semiconductor nanotechnology for the last 
decade, mainly in Si. In principle, MacEtch can be applicable to the other semiconductors if 
there exists a significant etch rate difference between the areas with and without the metal 
coverage. Due to this, MacEtch has recently attracted much attention in extending this technique 
to III-V semiconductors such as GaAs, GaN, and InP. This thesis demonstrates uniform array-
based InP nanostructures with lateral dimensions as small as sub-20 nm using inverse metal-
assisted chemical etching (I-MacEtch), a purely solution-based yet anisotropic etching method. 
The type and geometry of the metal catalyst as well as etchant ratio and concentration are 
explored to achieve various InP nanostructure features. Unique to I-MacEtch, the sidewall 
etching profile is remarkably smooth, independent of metal pattern edge roughness. The 
capability of this simple method to create various InP nanostructures can potentially enable an 
aggressive scaling of InP based transistors and optoelectronic devices with better performance 
and at lower cost than conventional etching methods. 
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CHAPTER 1: INTRODUCTION 
1.1 Background 
Since 2000, semiconductor micro- and nano-fabrication schemes based on the metal-
assisted chemical etching (MacEtch) approach for localized material dissolution have been the 
focus of extensive research [1]–[3]. The MacEtch mechanism, fundamentally, relies on noble 
metal (typically Au, Pt, or Ag) catalysis of an oxidation reaction in a semiconductor [1], [2]. 
Upon oxidation of the semiconductor, preferential material removal can then take place through 
solution-based etching. Since the noble metal of choice can be patterned directly on 
semiconductor surfaces by way of conventional nano-fabrication procedures, such as electron-
beam lithography (EBL) [4], [5] or soft-lithography (SL) [6], [7], site-specific etching can, 
therefore, be realized in a single solution containing an oxidant and an etchant (typically an acid) 
[6], [8]. Thus, submerging the metal-coated semiconductor within a MacEtch solution will cause 
the patterned metal to sink into the substrate, thereby leaving behind semiconductor 
nanostructures that are complimentary to the metal pattern as shown in Figure 1.1. 
 
Figure 1.1 Schematic of metal-assisted chemical etching of Si. Immersing 
metal-coated pre-etch sample into the etching solution results in the resultant 
structures as supported with SEM image [9]. 
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The MacEtch mechanism has been established as an attractive alternative to standard 
plasma-assisted etching approaches. MacEtch provides a low-cost, room-temperature, and 
vacuum-condition-free substitute to reactive-ion etching (RIE) that is also devoid of the potential 
for generating undesired ion-beam induced damage [10], [11], irregular sidewall features, and 
non-vertical etch profiles [12], [13]. Figure 1.2 shows a typical example of irregular sidewall 
features (Scalloping effect) generated from deep RIE, also known as Bosch process. 
 
Figure 1.2 SEM images of deep trenches generated from Bosch process  
with a magnified view on the right [13]. 
Since material etching is an essential requirement for semiconductor device fabrication, 
MacEtch has the potential to impact a number of highly relevant technological fields such as 
photonics [14], [15], optoelectronics [16], microfluidics [17], and photovoltaics [9], [18], [19]. In 
fact, in recent years, numerous device applications relying on MacEtch processing have been 
demonstrated, including solar cells [9], light emitting diodes (LEDs) [7], bio-sensors [20], 
photonic crystal reflectors [8], and Li-ion batteries [21].  
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1.2 Mechanism 
As briefly stated in the previous section, the MacEtch is basically a metal catalysis of an 
oxidation reaction (metal-assisted) in a semiconductor, followed by material dissolution 
(chemical etching). The overall etching process during MacEtch of Si established from 
researchers is presented in Figure 1.3 [2]. The numbers given in Figure 1.3 describe process steps 
in sequence as: (1) metal catalysis effect of reducing an oxidant (i.e. oxidant gains an electron 
from the metal). (2) After holes are generated in the void of electrons within the metal, holes 
diffuse through the metal layer, and are then injected into Si. (3) Si is oxidized by injected holes 
and etched by acid (e.g. HF) at the metal-Si interface. (4) Since the hole accumulation (i.e. 
concentration of holes) is maximum near metal coverage owing to the previous three processes, 
it results in much faster etch rate of Si underneath the metal than that of Si at the off-metal area. 
(5) If the material dissolution rate is smaller than the hole consumption rate, spare holes will 
diffuse to the area without metal coverage. This undesired hole diffusion may lead to etching of 
off-metal area resulting in a porous structure.  
 
Figure 1.3 Schematic of overall etching process in metal-assisted chemical 
etching of Si [2]. The numbers indicate processes described in Section 1.2.  
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1.3 Applicability to Non-Si Semiconductors  
In principle, the MacEtch is applicable to the other semiconductors if there exists a 
significant etch rate difference between the areas with and without the metal coverage. Research 
in this field has, thus far, been predominantly concentrated on the MacEtch of Si [22] and  
SixGe1-x alloys [23]. However, more recently, a metal-catalyzed wet etching of III-V compound 
semiconductors (such as GaN and GaAs) has been demonstrated.  
The GaN nanowires developed by MacEtch in AgNO3/HF solution (Ag in AgNO3 as a 
catalyst) are shown in Figure 1.4 [24]. This process requires UV illumination and the resultant 
structures have severe porosity. The reason why GaN has such difficulties may be attributed to 
lower hole mobility in GaN and higher Schottky barrier height compared to Si [25], leading to 
the dissolution rate being smaller the hole consumption rate. 
 
Figure 1.4 SEM images of GaN after MacEtch in AgNO3 (0.01M)/HF (4.6M) 
solution at room temperature with the presence of 130 mW UV illumination for 
(a) 10 min, (b) 20min. Inset scale bar represents 300 nm [24]. 
 Figure 1.5 shows the recently demonstrated p-i-n GaAs pillar arrays using a room-
temperature MacEtch process with Au catalyst [7]. A mixed solution of HF and KMnO4 is used 
to etch GaAs and etching parameters including doping types, temperature, and solution 
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concentrations are extensively investigated in this work. By varying the dilution levels of etching 
solution, tunability of nanopillar morphologies is achieved. 
 
 
Figure 1.5 SEM image of p-type GaAs subjected to MacEtch solution with HF 
(15 mL), DI (15mL), and KMnO4 (0.025g). Inset shows a high magnification 
view with a 1 μm scale bar. [7] 
The applicability of the technique to III-V semiconductors not only validates the 
capability for processing of pertinent optoelectronic materials, but also allows for a deeper 
understanding of the underlying MacEtch chemistry to be uncovered. As such, one of the main 
challenges in MacEtch research remains the extension of this etching technique to applications 
involving other commonly used III-V semiconductors, such as InP. 
1.4 Motivation for Indium Phosphide 
In addition to being the primary functional material of the telecommunications lasers 
industry, InP has also been established as a key material for next-generation high-frequency 
nanoelectronics [26], [27] and photovoltaics [28], [29], due to its high carrier mobilities and low 
surface recombination velocities, in comparison to other III-V materials with comparable band-
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gap energies. Yet, development of InP nanostructures has required either bottom-up crystal 
growth processes [28], [29] associated with the handling of toxic gasses, high-vacuum 
conditions, and high temperature reactions, or top-down RIE-based methods [30], [31], the 
disadvantages of which were previously noted. To date, MacEtch of InP has been explored little; 
one publication presented a simplified route toward the micro-patterning of InP using a modified 
MacEtch approach [32]. In their study, Asoh et al. employ patterns of discrete Pt islands on n-
type InP substrates to generate periodic mesa arrays through UV irradiation-assisted etching in a 
solution of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) as shown in Figure 1.6. 
 
Figure 1.6 SEM images of InP substrate after 60 min of UV-assisted MacEtch 
in a (a) low-magnification view and (b) a high-magnification. 
1.5 Inverse Metal-Assisted Chemical Etching 
This thesis presents a UV irradiation-free and room-temperature process for inverse 
metal-assisted chemical etching (I-MacEtch) of InP, as a simple method for the fabrication of a 
wide variety of InP nanostructures with as low as sub-20 nm feature dimensions. The term I-
MacEtch is coined to describe the etching mechanism whereby a patterned metal layer acts as a 
masking catalyst for the formation of features in an inverse arrangement to that expected of 
traditional MacEtch.  Thus, the I-MacEtch mechanism causes the semiconductor regions not 
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interfaced with the catalyst layer (i.e., around the edges of metal) to be preferentially etched. We 
study the effects of two types of metal catalysts, etching solution chemistry, etching period, areal 
extent and separation of the metal patterns, and metal pattern orientation as related to the 
crystallographic orientation of the substrate, on the etch rate and morphology of the resultant InP 
nanostructures. The optical and structural qualities of such nanostructures are characterized 
through micro-photoluminescence (µ-PL) and high-resolution transmission electron microscopy 
(HR-TEM), respectively. Furthermore, a qualitative model is presented for the etching 
mechanism and routes toward device applications utilizing the I-MacEtch approach are outlined. 
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CHAPTER 2: EXPERIMENTAL PROCEDURES 
2.1 Sample Preparations 
Sulfur-doped (n-type) InP (100) substrates with doping levels of 0.8 - 8.0 × 1018 cm-3 
were used for all etching experiments. Prior to patterning, all InP wafers were first immersed into 
a diluted HF solution for the removal of the native oxide layer and subsequently degreased with 
standard solvents. The substrates were then patterned via soft lithography (SL), through a 
previously established process [6]. After a thin layer of photo-curable epoxy (SU-8) was spin-
coated on the InP substrate, a polydimethylsiloxane (PDMS) stamp was pressed against the 
substrate. The substrate was then soft-baked at 95 °C. The depressed photoresist (8% SU-8) in 
the patterned window regions was removed by oxygen plasma RIE, followed by electron-beam 
evaporation of a 30 nm thick metal (Pt or Au, as specified below) film. An acetone liftoff process 
then resulted in arrays of square metal pads with widths of ~1.1 µm and having separations of 
~300 nm. The size of each array was 1.5 × 1.5 cm2 and the following experiments were 
performed with the same patterns as defined above, unless otherwise specified. It is noted that 
electron-beam lithography (EBL) was used for the experiments with non-square patterns such as 
lines and rings, as shown in the following sections. The EBL samples were prepared with 
PMMA resist followed by electron-beam exposure, and oxygen plasma etching to fully open the 
exposed windows. The metal layers were then deposited in an identical evaporation process as 
that used for SL-prepared samples.  
2.2 Design of Experiments 
After sample preparations, I-MacEtch was performed in a mixed solution of hydrogen 
peroxide (H2O2) as an oxidizing agent and sulfuric acid (H2SO4) as a dissolution agent. All I-
MacEtch experiments were performed at room temperature. For the sake of convenience in the 
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following discussions, we define γ = [H2SO4] / [H2O2], where [H2SO4] and [H2O2] are the molar 
concentrations of each solution with units of mol/dm3. The arrays of InP nanopillars were then 
imaged by scanning electron microscopy (SEM; Hitachi S-4800).  HR-TEM characterization was 
carried out using a JOEL 2010-F microscope, using TEM samples prepared by ultra-sonication 
of InP nanopillars in a small volume of methanol and subsequent deposition on lacey-carbon 
TEM grids. All µ-PL measurements were performed at room temperature using a Renishaw 
inVia PL system, equipped with a CCD camera, with excitation provided by a 633 nm HeNe 
pump laser.  
A set of SEM images in Figure 2.1 shows several types of nanostructures obtained from 
the n-InP wafers containing either SL- or EBL-prepared metal patterns followed by I-MacEtch. 
They include highly ordered arrays of nanopillars generated from ~1.1 μm2 Pt squares (Figure 
2.1.a), arrays of nanoscale fins after Au removal (Figure 2.1.b), micro-scale mesas forming the 
letters UIUC (Figure 2.1.c; inset shows a high magnification view of squared area from the letter 
‘I’), and tubular InP microstructures from concentric Au rings (Figure 2.1.d). These images 
demonstrate that the I-MacEtch process can be implemented to fabricate three-dimensional (3-D) 
InP micro- and nano-structures from various metal patterns, whether the pattern is linear, circular, 
discrete, or continuous. 
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Figure 2.1 InP nanostructures generated from I-MacEtch: (a) arrays of 
nanopillars generated from Pt square patterns, (b) arrays of nanoscale fins from 
Au lines after Au removal, (c) the letters “UIUC”, with inset showing a high-
magnification view of the outlined region (white box) corresponding to the 
letter “I”, and (d) tubular InP microstructures generated from concentric Au 
rings, with inset showing high-magnification view of the outlined region. The 
inset scale bars are 500 nm and metal layers are patterned by SL (a) and EBL 
(b-d). 
   The conventional MacEtch mechanism has been widely reported to be the product of two 
distinct mechanisms: a charge transfer process and a mass-transfer process [2]. The charge 
transfer process includes hole generation and injection, which are both affected by the type of 
metal catalyst and solution concentrations. On the other hand, mass transfer is a process 
determined by diffusion of reagents and byproducts of the acid and the oxidizing agent, primarily 
influenced by semiconductor type, doping, and solution components. Both mass transfer and 
charge transfer must be optimized for the generation of controlled etching profile. In order to 
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better define the nature of the I-MacEtch mechanisms and to optimize the etching process, we 
explore the effects of (1) metal type, (2) metal pattern orientation relative to the crystallographic 
planes of the substrate, (3) etching solution concentrations, and (4) etching period. The specific 
influence of each of these variables is explored in the following chapter. 
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CHAPTER 3: EFFECTS OF ETCHING PARAMETERS 
3.1 Type of Metal Catalyst: Pt vs. Au 
The comparison of two noble metals widely used for MacEtch, Pt and Au, is studied first. 
The Pt and Au layers are patterned by SL on the InP substrate, as shown in Figure 3.1 (a) and 3.1 
(b), respectively. The samples are then etched under identical conditions; namely, in MacEtch 
solutions of γ = 24.5 for 30 min at room temperature. As clearly seen in Figure 3.1, both vertical 
and lateral etch rates are affected by the metal used.  
 
Figure 3.1 Cross-sectional SEM images of InP with metal catalysts on top of 
nanopillars, etched by I-MacEtch, using 30 nm-thick (a) Pt and (b) Au disks. 
Inset scale bars represent 1 µm. 
The nanopillars formed by Pt catalysis are ~0.61 μm tall and ~0.33 μm in width, whereas 
those formed by Au catalysis are only ~0.29 μm tall with widths of ~0.98 μm. When Au is used 
as the catalyst, the etching profile reveals non-vertical etched facets. This anisotropic wet-etching 
behavior of InP had been realized previously using HCl-based solutions through a lattice-
matched InGaAs layer as an etching mask [33]. A similar phenomenon observed during MacEtch 
can be related to the competition between oxidation and material dissolution. It is well known 
that the etch rates are enhanced if a metal with higher work function is used as a catalyst during 
13 
 
MacEtch of Si [1] and InP [32]. A higher work function accommodates a greater ability to 
remove an electron from the metal, leading to enhanced hole injections into the substrate. This 
effect improves the charge transfer process and, hence, the etching rates. In this study, both 
vertical and lateral etch rates of InP using Pt are faster than those when Au is used, as expected 
from experimental work functions of Pt and Au of 5.65 and 5.1 eV, respectively [34]. This may 
imply that the use of Pt caused the etching process to be oxidation-dominated, which mitigates 
crystallographic etch rate dependences as well as the exposure of non-vertical sidewall facets. In 
contrast, the use of Au catalyst layers may have reduced the catalysis effect and led the process 
to be material dissolution-limited, resulting in sidewall profiles that exhibit preferential 
crystallographic etch rate dependences. Although the etch rates of InP with Pt are faster than that 
with Au, there is a significant practical drawback to using Pt as a catalyst. To employ these 
nanostructures for device applications, the metal layer typically has to be removed during device 
fabrication process flows [7], [8]. 
Since platinum (Pt) does not easily form a volatile etch product, it is known to be hard to 
etch [35]. To the best of our knowledge, there are two widely used methods to etch Pt: high 
density plasma etching or wet chemical etching solutions [36], [37]. First, if we consider using a 
high density plasma tool, it not only complicates process steps, but may also introduce a surface 
damage into the resultant InP nanostructures. The wet etching method also has its own 
limitations. The available wet-etchants to remove Pt are aqua regia or piranha, which contain a 
mixture of hydrochloric acid (HCl) and nitric acid (HNO3) or hydrogen peroxide (H2O2) and 
sulfuric acid (H2SO4). Since both directly etch bare InP, the Pt layer cannot be effectively 
removed using standard wet chemistry without adversely affecting the active InP medium and, 
therefore, is incompatible with further device fabrication processes [38]. Therefore, in order to 
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establish etching protocols that are conducive to future device applications, the following I-
MacEtch experiments are solely conducted with Au, unless otherwise stated. 
3.2 Crystallographic Dependence of Etching Profiles 
The crystallographic dependence of etching profiles is presented next as a function of 
mask pattern orientation. Arrays of Au squares are patterned to have two different alignments, 
oriented at 45° and 90° relative to the (110) wafer flat. In this orientation study, due to the fact 
that the etch time is also one of the crucial factors enhancing the charge transfer during I-
MacEtch, the etch time is minimized to 10 minutes and the samples are etched in a solution of γ 
= 24.5 at room temperature. The Au layers are removed using Au etchants (Transene Co.) to 
clearly see etching profiles before SEM imaging. The final structures obtained are shown in 
Figure 3.2 (a-c) and (d-e) corresponding to the 45° and 90° pattern orientations, respectively. 
Figure 3.2 shows top-view (a, d), low-magnification 45° tilted-view (b, e) and high-
magnification 45° tilted-view (c, f) SEM images of the two distinct pattern orientations after 
MacEtch. Equivalent scale bars are shown in Figure 3.2 for panels (a) and (d), (b) and (e), and 
(c) and (f). Two perpendicular arrows are also shown in Figure 3.2 (a) and 3.2 (d) to indicate the 
two equivalent <110> directions on (100) the InP wafers.  
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Figure 3.2 SEM images of InP nanostructures etched for 10 min with γ = 24.5 
at room temperature after removal of Au layers, where metal layers are aligned 
at (a)-(c) 45° and (d)-(f) 90° relative to the  (110) wafer flat. (a) and (d) show 
plan-view images, while the other images are obtained at a 45° tilted angle. 
Two arrows in top-view images indicate two <110> directions on the (100) InP 
substrate used. Equivalent scale bars shown in (a) and (d), (b) and (e), and (c) 
and (f). 
Note that the pattern orientations shown in Figure 3.1 are the same as Figure 3.2 (d). 
Comparing Figure 3.2 (c) and (f), etching profiles with vertical sidewalls on all four edges are 
achieved when the patterns are oriented at 45° relative to the wafer flat (Figure 3.2 (c)). When 
Au patterns are oriented at 45° relative to (110) planes, the low-index (100) planes are exposed 
for access to the etching solutions.  Conversely, when the Au patterns are oriented at 90° relative 
to the primary flat, the (100) planes are masked by the metal catalyst layers, whereas the (211)A 
planes are exposed instead. Since a significant crystallographic etch-rate dependence exists 
favoring enhanced etching of the (100) planes, and effectively rendering the (211)A planes as 
etch-stop planes, a dramatic difference in the resultant nanostructure profile is observed [33]. 
Therefore, a 45° orientation of the metal patterns leads to the formation of perfectly vertical 
nanostructures having (100) sidewall facets, while a 90° orientation of metal patterns leads to the 
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formation of features having convex geometries with high-index sidewall facets. We further note 
that this type of structure may only be formed in I-MacEtch solutions of low oxidant 
concentrations, which result in a preferential masked, wet-etching rather than a catalyst-assisted 
etching phenomenon. This is further explored in the ensuing exploration of the I-MacEtch 
solution chemistry. 
3.3 Etching Solution Concentrations 
To further study this effect, vertical and lateral etch rates are measured as a function of 
concentration ratio, γ = [H2SO4]/ [H2O2], as shown in Figure 3.3, with the two different 
orientations. All data points in this paper represent averaged measurements from sets of 25 
pillars, with error bars showing one standard deviation, unless otherwise specified.  
 
Figure 3.3 Plots of vertical and lateral etch rates as a function of γ = [H2SO4]/ 
[H2O2] when the Au squares are patterned to be oriented at (a) 45° and (b) 90° 
relative to the (110) flat on (100) InP substrate. Note that the filled square 
points in (b) are representative of data obtained from a previous study on of InP 
structures after MacEtch formed without the use of UV irradiation for direct 
comparison with the current study [32]. 
It is noted that lateral etch rates are defined based on the separation of the Au pattern 
edge from the furthest laterally etched plane of InP and the duration of the etching step. The 
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values of γ used are 5.7, 14, and 24.5 with a constant etching time of 20 min, at room 
temperature. We observe that if the ratio, γ, is beyond 24.5, the oxidant concentration becomes 
negligibly small, such that no discernible etched structure formation occurs. On the other hand, 
when the value is below 5.75, no etching occurs due to insufficient acid concentrations and, thus, 
inadequate oxidized material dissolution. This is the case regardless of pattern orientations.  
Figure 3.3 (a) and 3.3 (b) illustrate rates as measured from samples with 45° and 90° 
pattern orientations, respectively. In Figure 3.3 (a), there is a near linear trend with both vertical 
etch rates (VER) and lateral etching rates (LER) increasing with γ. When the 90° oriented pattern 
is used and etching is carried out under identical conditions (Figure 3.3 (b)), the VER stays 
relatively constant at ~25 nm/min, while a dramatic decrease is observed in the LER. The data 
points represented by filled squares in Figure 3.3 (b) indicate the results presented by Asoh et al., 
for similarly formed InP structures without UV irradiation [32]. In order to achieve 
nanostructures with high-aspect-ratio, the lateral etch should be suppressed with substantially 
higher VERs. Interestingly, the VER are consistently higher than the LER for 45° oriented 
features, as shown in Figure 3.3 (a), while this condition is only satisfied after a certain threshold 
(γ ~ 19) for 90° oriented features, as shown in Figure 3.3 (b). We believe that this may be related 
to the direct exposure of (211)A facets to the etching solution [33]. We identify the 45°-oriented 
pattern to be the optimized configuration conducive to I-MacEtch of nanostructures with vertical 
sidewall features, due to the exposure of the low-index etching planes. Hence, mass transfer 
becomes a dominant factor in this scenario, which results in a slight increase of both VER and 
LER as γ increases (i.e. increase of the acid concentration). In contrast, in the case of Figure 3.3 
(b), the etch-stop facets are also exposed, which is a non-ideal condition for material dissolution. 
This feature results in oxidation concentrations being much more sensitive to the lateral etch rate. 
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As a result, the dramatic decrease of LER (from ~60 to ~10 nm/min) is observed as γ increases 
(i.e. reduction of oxidant concentration) as fewer holes are generated at a lower proportion of 
[H2O2]. As high-aspect ratio nanostructures with vertical sidewall profiles are more desirable for 
most device applications, the γ = 24.5 solution and 45° oriented patterns are used for the 
following experiments. 
3.4 Etching Time Dependence 
Since etching time is an important factor of determining dimensions (both vertical and 
lateral) of the resultant structures, it is studied in this section. Figure 3.4 quantifies the evolution 
of the InP nanopillar geometry in the optimized I-MacEtch solution, by plotting average heights 
and widths measured after fixed etching durations.   
 
Figure 3.4. Plot of average (a) height and (b) width of InP nanopillars as a 
function of I-MacEtch time in the optimized (γ = 24.5) solution, with fitted 
trend lines. 
Figure 3.4 (a) shows the relationship between the etching depth and time. We observe a 
nearly monotonic increase in etching depth until an etching time of approximately 10 minutes, 
beyond which the vertical etch rate exhibits a distinct saturation trend. Such a trend is justified 
by considering that unlike conventional MacEtch, where the plane of hole injection progresses 
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with the etch-front plane, in the case of I-MacEtch the position of the plane of hole injection (i.e., 
the Au/InP interface) remains fixed and does not sink during etching.  This distinguishing feature 
introduces a finite penetration depth to which holes may be injected, thereby setting a finite limit 
to the depth of oxidized material and, consequently, a vertical I-MacEtch limit. Similarly, as 
shown in Figure 3.4 (b), the lateral etch rate also decreases and saturates in time.  Unlike 
conventional MacEtch, the initial plane of material dissolution is not coincident with the 
metal/semiconductor interface in the I-MacEtch scenario. In this case, etching initiates at the 
midpoint between two neighboring metal pads or, otherwise stated, at the location of overlap of 
the radial hole injection distributions associated with neighboring Au pads. As etching proceeds, 
the interfacial metal/semiconductor area is reduced due to the dissolution of oxidized material in 
the lateral direction. This reduced interfacial area also results in a lower hole injection rate, 
which translates to slower oxidation and, hence, slower lateral etching rates. This process is 
exemplified by the exponentially decreasing lateral etch rate trend shown in Figure 3.4 (b). 
Further exploration of the influence of Au catalyst size and separations upon the etching depth is 
presented in the SI (Figure S1).  Briefly, we note that a nearly linear increase in etching depth is 
observed with increasing metal pad areas. 
To demonstrate a broader range of applications, arrays of Au lines with widths 500 – 550 
nm are patterned by EBL to explore the scalability of this method. The optimized etching 
conditions, γ = 24.5 at room temperature with the 45° oriented patterns, are used. With patterns 
of such small scales (~500 nm), I-MacEtch of InP is found to be very sensitive to the etching 
time. Figure 3.5 shows the resultant sub-20 nm nanostructures with post-MacEtch Au removal 
after 24 min of etching.  
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Figure 3.5 45˚ tilted-view SEM images of sub-20nm InP nanostructures with 
post-MacEtch Au removal after 24 min of etching in a γ = 24.5 solution. Inset 
scale bar represents 500 nm. 
To the best of our knowledge, this is the first demonstration of InP nanostructures with 
sub-20 nm scalability at room temperature by the proposed I-MacEtch technique. The structures 
have relatively smooth sidewalls without any porosity, and uniform dimensions are achieved 
throughout the whole array, as shown in the inset of Figure 3.5. We believe that even smaller 
dimensions could be achieved if the dimensions of metal layer are further reduced, in 
conjunction with precisely controlled etching times. 
3.5 Size of Au Catalyst  
   This section studies the effect of geometry of the catalyst, especially the size of Au pads. 
The EBL is used to pattern Au squares with widths in the range of 1 - 5 μm with two sets of 
separations, 0.75 μm and 3 μm. The samples are then immersed in a MacEtch solution with γ = 
24.5 for 30 min at room temperature. As depicted in Figure 3.6, the etching depth linearly 
increases from ~460 nm to ~520 nm as a function on metal pad width. This can be understood in 
terms of the hole generation rate. As the surface area of metal layer incrementally increases, the 
supply of holes enhances correspondingly, which results in an increase of vertical etching. 
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However, we note that the change in surface area is not as significant as the change of metal 
type, thickness, or solution concentrations. 
  
Figure 3.6 Quantification of etching depth as a function of metal square width 
with two separations (0.75 and 3 μm). 
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CHAPTER 4: MATERIAL CHARACTERIZATIONS  
4.1 Transmission Electron Microscopy 
Figure 4.1 (a) and (b) show TEM images obtained from the sidewall facet and top facet 
of an I-MacEtch-fabricated single InP nanopillar, respectively. All TEM experiments were 
performed after wet-etching of the Au catalyst layers. In both panels, the white arrow points 
toward the top of the nanopillar. We emphasize that the nanopillar sidewalls exhibit an 
atomically smooth facet with no signs of surface damage or porosity.  Furthermore, as shown in 
Figure 4.1 (b), after I-MacEtch and catalyst layer etching, an approximately 5.4 nm-thick oxide 
layer is observed at the top of the nanopillar. This layer is ~ 4 nm thicker than the native oxide 
layer formed on the (100) InP surface [39]. We attribute the formation of such a thick oxide layer 
to the oxidation of InP at the interface with the metal catalyst during I-MacEtch.  Due to the 
absence of oxidized material access to the etching solution, this oxidized region at the top of the 
nanopillar presumably remains un-etched. We anticipate that the inverse nature of the current 
MacEtch mechanism may be rooted in the formation of this thick oxide layer at the metal-
semiconductor interface. 
 
Figure 4.1 HR-TEM images obtained from the (a) sidewall and (b) top surface 
of an I-MacEtched single InP nanopillar after Au removal. The white arrows 
point toward the top of the nanopillar. 
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4.2 Photoluminescence 
Room-temperature μ-PL experiments were carried using ultra-thin InP nanopillars 
prepared in the optimized (γ = 24.5) I-MacEtch solution for a period of 40 minutes. This etching 
process resulted in the formation of nanopillars with lengths of ~665 nm and sub-20 nm base 
diameters. Upon etching, the nanopillars were removed via ultra-sonication and deposited on an 
oxidized Si substrate.  In this manner, single InP nanopillars were isolated, identified, and 
excited with a spot size of roughly 2 μm for PL collection.  Normalized μ-PL spectra obtained at 
T = 300 K from a single InP nanopillar (blue curve) and a bare (100) InP substrate (black curve) 
are shown in Figure 4.2.  The bulk sample shows a single PL peak centered at roughly 921 nm, 
consistent with the room-temperature signature of InP. However, a clear blue-shift is observed in 
the spectrum of the nanopillar, in comparison to that of the bulk sample, characterized by an 
emission wavelength difference of 24 nm. This shift is attributed to quantum confinement of 
carriers in the ultra-thin nanopillar with lateral dimension of approximately 15 – 20 nm [40]. 
 
Figure 4.2 Room-temperature normalized μ-PL spectra collected from a bare 
InP (100) substrate (black) and an I-MacEtch-fabricated InP nanopillar (blue).  
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CHAPTER 5: PROPOSED ETCHING MODEL 
5.1 Possible Chemical Reactions 
Although chemical reactions of InP I-MacEtch behavior are not well known, it is 
accepted that the InP anodic oxides mainly consist of indium phosphate (InPO4) and In2O3 [41]. 
Though P2O5 may also be present, since In3+ cations possess a higher mobility than P5+ cations 
through the oxide film [42], we assume that indium-rich oxides are dominant in interacting with 
solutions during etching. The metal catalyst and semiconductor are considered as a cathode and 
anode, respectively. The cathode reaction with H2O2 is widely known as:  
H2O2 + 2H+ → 2H2O + 2h+ 
The possible forms of half-reactions in the anode (InP side) are [41]:  
(i) InP + 4H2O + 8h+ → InPO4 + 8H+, or 
(ii) InP + 0.55H2O + 8h+ → 0.5In2O3 + H3PO4 + 8H+ 
The In- and InP-based oxides formed through the above reactions are then dissolved in H2SO4 
[43], [44]. 
5.2 Hole Injection Model 
Furthermore, a qualitative model for the InP I-MacEtch mechanism is proposed in Figure 
5.1. The three main I-MacEtch charge transfer processes are labeled as 1 – 3 in the schematics: 
(1) removal of electron from the metal layer by the oxidant, leading to (2) the hole generation in 
the substrate near the metal/semiconductor interface, (3) hole diffusion into the substrate. For the 
material removal, there is a mass transfer process labeled as (4) oxidation and material 
dissolution.  
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Figure 5.1 Schematic representations of the InP I-MacEtch mechanism when 
adjacent metal layers are close to each other (a), or when the separation is 
further increased (b). The etching process involves charge transfer processes 
labeled as 1 – 3 in the figure: (1) removal of electron from metal by oxidant, (2) 
hole generation on the substrate near the metal, (3) hole injection into the 
substrate with a mass transfer process, (4) oxidation and material dissolution. 
Another distinguishing feature of the current etching process is the formation of a 
concave (wavy) substrate cross-sectional profile as seen in Figure 3.1. The formation of such an 
irregular profile may be rooted in the evolution of hole injection profiles during the etching 
process. Initially, in the center of metal pads, holes are supplied from two adjacent sources, 
which results in the excess accumulation of holes. When metal pads are sufficiently close to one 
another, then hole injection profiles associated with each one overlap to generate a region of 
enhanced etch depth between them. This is depicted in Figure 5.1 (a) and results in a concave 
substrate profile between the metal features as observed in Figure 3.1. However, this trend is 
likely only valid in the initial etching period when the metal pad is entirely interfaced with the 
semiconductor. Once vertical sidewall profiles are established, the metal/semiconductor interface 
is no longer preserved along the periphery of the pads. As a result, the hole injection path to the 
midpoint of the adjacent features is extended and steady-state conditions may be reached before 
an accumulation region is formed. Therefore, we anticipate that the wavy substrate is formed to 
only a few nanometer depths as seen in Figure 3.1. On the other hand, when the separation of 
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adjacent metal pads is increased, then the localized enhanced oxidation effect becomes negligible, 
as depicted in Figure 5.1 (b). 
Interestingly, we observed that there is etching of InP in the areas more distant than a 
hole diffusion length of n-type InP from the gold pattern features (> 40 µm). Since the 
combination of H2SO4 and H2O2 is known to chemically oxide bare InP and dissolve oxidized 
InP [44], albeit likely at substantially slower oxidation rates than the metal-catalyzed areas,  non-
catalytic slow vertical etching also proceeds along the areas not by metal layers.  
5.3 Energy Band Model 
As experimentally shown above, the metal-assisted chemical etching behavior of InP 
occurs in an inverse manner as compared to conventional Si MacEtch. The electronic structures 
of InP are studied here to help identify the culprit of inverse MacEtch behavior with InP. An 
energy band diagram is depicted in Figure 5.2. To build the electronic structure here, n-type InP 
with a doping level of 5×10!"  cm!!  and Au as a catalyst (qϕ! = 5.1  eV)  are used for 
calculations. Before calculations, the following assumptions are made: (i) the metal-
semiconductor junction is at equilibrium after the contact is made, (ii) all energies are relative 
values compared to the vacuum level. Since the semiconductor is n-type (i.e., ϕ! > ϕ!), the 
metal-semiconductor interface forms a Schottky barrier as shown in Figure 5.2, where ϕ! 
represents a potential barrier and ϕ!"# is denoted as a hole injection barrier. 
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Figure 5.2 Energy band structure of Au-Semiconductor contact interface. 
Constant supply of holes from oxidizing agent (H2O2) is assumed at the metal 
surface and indicated with an arrow. 
The important parameters are calculated based on the electronic structure above and 
expressions below are used [45], [46]. The calculated results are summarized in Table 5.1. Units 
of parameters are in eV, unless otherwise specified. The calculations are also done with n-Si for 
the comparison, which uses the same oxidizing agent (H2O2) during MacEtch as InP. 
𝐸!" − 𝐸!" = 𝑘𝑇 𝑙𝑛 𝑛𝑁! + 𝑛8𝑁!  𝑞𝜙! = 𝐸!" − 𝐸!" 𝑞𝜙! = 𝑞𝜙! − 𝜒 𝑞𝜙!"# = 𝐸! − 𝑞𝜙! 
where Nc is the effective density of states in conduction band. 
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Table 5.1. Calculated values of energy band edge parameters with n-type InP and Si when Au is 
used as a catalyst. 
 
Substrate 𝝌† n [/cm3] Nc [/cm3]† Eg† 𝒒𝝓𝑺 𝒒𝝓𝑩 𝒒𝝓𝑯𝑰𝑩 
n-Si 4.05 
5.0E+18 
3.2E+19 1.12 0.046 1.05 0.07 
n-InP 4.38 5.7E+17 1.344 0.137 0.72 0.624 
† Values of material properties obtained from a standard semiconductor textbook [45]. 
Here, the hole injection barrier (𝜙!"#) is a critical parameter in determining hole injection 
rates. The smaller the 𝜙!"#, the more enhanced the hole injection rates into the semiconductor 
valence band. Note that  𝜙!"#(InP) = 0.624V, while 𝜙!"#(Si) = 0.07V. This is more than an 
order of magnitude difference. This difference in barrier heights implies that InP inherently has a 
much lower hole injection rate than Si. The inverse etching behavior of InP may be attributed to 
this distinction. 
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CHAPTER 6: CONCLUSION 
6.1 Characteristics of I-MacEtch 
The I-MacEtch process is a unique and facile method for forming InP nanostructures. The 
lateral dimensions of the structures generated are not limited by the widths of metal catalyst 
patterns; rather, the size and lateral etching profiles of the structures formed are functions of the 
etching solutions and period. We highlight this advantage of the I-MacEtch mechanism for the 
formation of nanostructures beyond practical lithography resolution limits.  Furthermore, the 
sidewalls of the resultant nanostructures are not only nearly atomically smooth and free of 
porosity, but also are un-affected by the metal edge roughness [7]. Though the method presented 
here has limitations for the fabrication of high aspect-ratio nanostructure geometries at extended 
etching periods and reduced feature separations, we believe that it, nonetheless, serves as a new 
and relevant technique pertinent to the processing of various device applications, including 
nanoscale field-effect transistors, photovoltaics, light emitter, and sensors. 
6.2 Conclusion 
In conclusion, we have first demonstrated the formation of InP nanostructures with sub-
20 nm scalability at room temperature by the proposed I-MacEtch method. Since the process 
proceeds at room temperature, metal or surface contamination can be minimized during etching. 
The structures are not only achieved with various patterns including linear, circular, and discrete 
figures, but also with very smooth surface areas and free of surface porosity. Although the use of 
Pt as a catalyst resulted in faster etching rates than the use of Au, due to the potential of Pt-
etchants directly attacking bare InP, Au is proposed to be a more suitable metal catalyst for InP 
where subsequent device processing is required. The nanostructure profiles are also affected by 
the orientation of the metal patterns relative to the <110> direction on (100) InP substrate. 
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Vertical etching profiles are achieved if the metal layers are aligned 45° towards the {110} 
planes. Furthermore, other factors affecting lateral and vertical etch rates are determined as the 
acid-to-oxidant concentration ratio (γ = [H2SO4]/ [H2O2]), etching time, and geometry of metal 
catalyst. Lastly, a qualitative model is proposed involving the key charge transfer processes (hole 
generation/accumulation), followed by an oxidation and material dissolution process. This 
simple etching method for generating InP nanostructures with the aforementioned capabilities 
can be potentially employed in various applications including field-effect transistors and 
nanoscale optoelectronic devices. 
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